Polyamines (PAs) have been considered as important molecules for survival. However, evidence reinforces that PAs are also implicated, directly or indirectly, in pathways regulating programmed cell death (PCD). Direct correlation of PAs with cell death refers to their association with particular biological processes, and their physical contact with molecules or structures involved in cell death. Indirectly, PAs regulate PCD through their metabolic derivatives, such as catabolic and interconversion products. Cytotoxic products of PA metabolism are involved in PCD cascades, whereas it remains largely elusive how PAs directly control pathways leading to PCD. In this review, we present and compare advances in PA-dependent PCD in animals and plants.
Introduction
In recent years, trans-organismal research on programmed cell death (PCD) has been flourishing, as it is a component of both development and defence. At the crossroads between cell survival and death, many biological pathways converge. Animal cells engage in several mechanisms leading to death, and the road to cell demise in plants is also variable (van Doorn et al., 2011) . Owing to the long evolutionary distance between plants and animals, diverse pathways are involved in the execution of PCD. However, in a regulatory context, parallels and molecular counterparts between the two kingdoms can be found.
PCD pathways and mechanisms in animals and plants share similar regulatory features. A point at which they merge lies at the early stages of cell death commitment, when cells produce diffusible signals. PCD inducers are, among others, oxidants or stimulators of reactive oxygen species (ROS) generation, such as superoxide (O 2 · − ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (·HO; Clement et al., 1998) .
In plants, in addition to photorespiration and electron transfer in chloroplasts and mitochondria, ROS are generated by pathways catalysed by several enzymes residing in different cellular compartments or in the apoplast. These include NADPH oxidase (Keller et al., 1998) , peroxidases (Bolwell and Wojtaszek, 1997) , oxalate oxidase (Hu et al., 2003) , xanthine dehydrogenase (Zarepour et al., 2010) , diamine oxidases (DAOs), and polyamine (PA) oxidases (PAOs; Allan and Fluhr, 1997; Yoda et al., 2003; Moschou et al., 2008a, b) . Which of them constitutes the main source of ROS in each particular case remains to be determined (Yoda et al., 2006) . In animals, multiple pathways which are induced by ROS and lead to PCD have been recognized, whereas in in plant research field similar information and studies are rather fragmentary.
In addition to ROS, PAs are some of the common denominators having a role in early and perhaps late stages of PCD in animals and plants. Surprisingly, both activation and prevention of apoptosis due to PA depletion are reported for several cell lines, but also elevation of PA levels may lead to apoptosis or to malignant transformation (Seiler and Raul, 2005) . This panorama of PA-related PCD functions in animals is possibly due to the intrinsic complexity of the PCD mechanism.
Herein, we review recent knowledge on the involvement of PAs in animal and plant PCD, highlighting similarities and differences. We do not attempt to make a distinction between cell death types in plants and we use the term PCD interchangeably for both necrotic and vacuolar cell death (van Doorn et al., 2011) .
Polyamine metabolism and programmed cell death
Putrescine (Put), spermidine (Spd), spermine (Spm), and thermospermine (t-Spm) are the major PA pools in plants, whereas t-Spm is absent in animals ( Fig. 1) . PA metabolism, conjugation, interconversion, chemical modification, and transport determine PA homeostasis. A mathematical model for fluxes of PA metabolism in mammals has been proposed (Rodriguez-Caso et al., 2006) , while one is yet to be described for plants. In plants, homeostasis of cellular PA levels is of paramount importance since it correlates with several important physiological functions, including protein regulation (Baron and Stasolla, 2008; Takahashi and Kakehi, 2010) , development (Wimalasekera et al., 2011) , ion channels (Wu et al., 2010; Zepeda-Jazo et al., 2011) , membrane fluidity, control of nitrogen:carbon balance (Mattoo et al., 2006; Moschou et al., 2012) , and stress responses (Alcázar et al., 2011) .
A common pathway of PA biosynthesis in almost all organisms involves ornithine decarboxylation by ornithine decarboxylase (ODC) to form Put. ODC is a transcriptional target of the c-Myc oncogene (Bellofernandez et al., 1993) . Unlike plants, animals possess the ODC antizyme, which represents an additional mechanism for the tight control of ODC levels (Matsufuji et al., 1995) . In plants and bacteria, an alternative pathway for Put synthesis occurs, where arginine is decarboxylated to agmatine by arginine decarboxylase (ADC), and Fig. 1 . The polyamine biosynthetic and catabolic pathways in animals and plants. ACL5, thermospermine synthase; ADC, arginine decarboxylase; AIH, agmatine imino hydroxylase; ALDH, aldehyde dehydrogenase; CPA, N-carbamoylputrescine amidohydrolase; DAO, diamine oxidase (per, peroxisomal); dcSAM, decarboxylated S-adenosyl-l-methionine; DFMA, α-(difluoromethyl)arginine; DFMO, α-(difluoromethyl)ornithine; MAT, methionine adenosyltransferase; MGBG, methylglyoxal bis(guanylhydrazone); ODC, ornithine decarboxylase; PAO, polyamine oxidase (cyt, cytoplasmic; per, peroxisomal; ap, apoplastic); Put, putrescine; SAM, S-adenosyl-lmethionine; Spd, spermidine; Spm, spermine; SAMDC, S-adenosyl-l-methionine decarboxylase; SPDS, spermidine synthase; SPMS, spermine synthase; T-Spm, thermospermine. Skull and crossbones denote the nodes of polyamine metabolism that have been genetically correlated to PCD in plants (see text). Arrows indicate pathways: yellow, conserved between animals and plants; black, restricted to plants; the corresponding enzymes are depicted with green fonts. Enzymes in blue fonts suggest routes that perhaps operate in plants in a similar manner. Inhibitors are depicted with red fonts.
agmatine is converted to Put via N-carbamoyl-Put. Put is then successively aminopropylated to produce Spd and Spm by Spd synthase (SPDS) and Spm synthase (SPMS), respectively. T-Spm is the product of ACL5 (t-SPMS) in plants ( Knott et al., 2007) . The aminopropyl groups are donated by decarboxylated S-adenosylmethionine (dcSAM), a compound synthesized by a reaction catalysed by SAM decarboxylase (SAMDC; Cohen, 1998) . SAMDC activity represents a common rate-limiting step in PA biosynthesis between plants and animals (Stanley et al., 1989; Thu-Hang et al., 2002) .
PA catabolism is mediated mainly by two classes of amine oxidases (AOs), the DAOs and PAOs (reviewed in Moschou et al., 2012) . In Arabidopsis, the AO pathway consists of several, perhaps functionally redundant, genes. For example, Arabidopsis has at least 10 putative DAO genes, four of which have been characterized (AtAO1, AtCuAO1, AtCuAO2, and AtCuAO; Planas-Portell et al., 2013) and five PAO genes (AtPAO1-AtPAO5) (Tavladoraki et al., 2006) . DAOs oxidize Put and cadaverine, and, with lower affinity, Spd and Spm. Recently, it was demonstrated that Arabidopsis DAOs are both apoplastic and peroxisomal proteins (Planas-Portell et al., 2013) . The action of DAO on Put yields pyrroline, H 2 O 2 , and ammonia (NH 4 + ; Cohen, 1998). PAOs oxidize Spd and Spm but not Put (Angelini et al., 2010) . The plant apoplastic PAOs catalyse the terminal catabolism of PAs, yielding pyrroline and 1-(3-aminopropyl)pyrrollinium from Spd and Spm, respectively, as well as 1,3-diaminopropane and H 2 O 2 (Cohen, 1998; Fig. 1 ). The plant intracellular (cytoplasmic or peroxisomal) PAOs interconvert PAs, producing H 2 O 2 (Moschou et al., 2008c) . Interestingly, intracellular PAOs interconvert Spm to Spd and Spd to Put, reversing the PA biosynthetic pathway, and oxidize t-Spm (Fincato et al., 2011) , but the oxidation products of t-Spm are yet to be identified. Animal PAOs also interconvert PAs in the peroxisomes, but show preference towards the acetylated PAs produced by the inducible Spd/Spm N 1 -acetyltransferase (SSAT; Fig. 2 ; Matsui et al., 1981; Pegg et al., 1981; Casero et al., 1991; Casero and Pegg, 1993) . Also, in animals, Spm can be interconverted independently of the SSAT pathway, by cytoplasmic Spm oxidase (SMO; Vujcic et al., 2002) .
The SMO pathway seems to be evolutionarily conserved between animals and plants, as AtPAO1 perhaps represents the plant counterpart of SMO. The intercorversion of PAs produces, in parallel to a corresponding PA, 3-aminopropanal (SMO pathway and our unpublished results for plants) or 3-acetamidopropanal (from the SSAT pathway in animals). SMO is induced by tumour necrosis factor (TNF); the resulting H 2 O 2 is implicated in a pathway through which inflammation from multiple sources can lead to mutagenic changes which can result to the development of multiple cancers (Babbar and Casero, 2006) . Likewise, AtPAO1 expression under normal conditions is barely detectable (Tavladoraki et al., 2006) , and perhaps is also inducible. However, it remains unclear under which conditions AtPAO1 can be induced. Loss of function of PA biosynthetic genes results in early embryonic lethality in mice (Wang et al., 2004) and in Arabidopsis (Ge et al., 2006; Imai et al., 2004b; Urano et al., 2005) , with the exception of SPMS in both animals and plants, which seems to be dispensable, although its absence causes mental retardation in humans (Snyder-Robinson syndrome; de Alencastro et al., 2008) , and stress sensitivity in plants (Imai et al., 2004a; Yamaguchi et al., 2007) . In both animals and plants, genetic manipulation of PA catabolism is perplexing (see below), since there are several potentially redundant genes encoding AOs with similar substrate specificity. To bypass this, chemical genetics should be put forward. Several plant DAO and PAO inhibitors (see also Fig. 1 ) have been successfully used in animals to block the catabolism and backconversion of PAs. However, their potency in vivo in plant biology remains largely unexplored.
Direct roles of polyamines in cell death
PAs and their analogues may directly induce PCD in the absence of the intermediates such as H 2 O 2 or aminoaldehydes (Casero and Marton, 2007; Weisell et al., 2013) . PAs could contribute directly to PCD through their regulatory effect on ion channels. For example, Spm directly regulates acidsensing anion channels (ASICs) on neurons that are involved in PCD induction (Duan et al., 2011) . Interestingly, K + efflux is necessary for the apoptotic volume decrease, and low cytosolic K + forms a favourable environment for caspases and endonucleases (Cain et al., 2001) . Similarly, in plants, low K + activates metacaspases and nucleases, promoting ROS-and salt-induced PCD (Demidchik et al., 2010) . PAs may regulate K + levels by sensitizing ROS-induced channel conductance and K + efflux (Wu et al., 2010; Zepeda-Jazo et al., 2011) . Moreover, Ca 2+ signalling plays an important role in defence responses in plants, including the hypersensitive response (HR; Lecourieux et al., 2006) . Apoplastic ROS induce a Ca 2+ influx and amplify elicitor-induced signals (Garcia-Brugger et al., 2006) . The involvement of the oxidation of PAs in the apoplast and their involvement in progression of the HR could suggest that a putative PA-dependent increase in Ca 2+ levels is necessary for HR execution. In addition, Ca 2+ could activate metacaspases, which require high levels of this cation (Watanabe and Lam, 2011) . Finally, stress-induced PCD in plants is associated with cell shrinkage, which requires the activity of plasma membrane and vacuolar ion channels, and PAs may affect many of these (Dobroviskaya et al., 1999; Liu et al., 2000; Shabala et al., 2007) . More detailed analyses of PA action on ion channels in plants is one of the most challenging targets in PA research.
A direct role for PAs in PCD is exemplified by the use of PA analogues. Caspase-dependent and independent apoptotic cell death is observed after treatment with several PA analogues (Chen et al., 2003) . For example, DENSpm leads to apoptotic cell death when regulation of the cell cycle is compromised (Kramer et al., 2001) . Another PA analogue, acting as a chelator of zinc, a metal required for caspase activation, results in inhibition of PCD in developing brain (Cho et al., 2010) . However, in most cases, it is difficult to reach a conclusion on a direct role for PAs in PCD since some PA analogues activate AOs (Pledgie et al., 2005) . Furthermore, in a tumour cell line, drug-induced PA depletion is accompanied by induction of genes involved in PCD (Landau et al., 2012) , and PA depletion induces PCD through a mitochondrialmediated pathway (Nitta et al., 2002) . This depletion induces chromatin condensation and DNA fragmentation, which are completely reversed by addition of exogenous PAs. In contrast, treatment of rat small intestinal endothelial (IEC-6) cells with DFMO [α-(difluoromethyl)ornithine] (Fig. 1) induces expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL (Yuan et al., 2002) . Similar information is still missing from the plant literature, and it remains to be convincingly shown whether PAs or their analogues contribute directly to plant PCD.
Furthermore, PAs seem to have a global effect on gene transcription, which delays cell death. Intriguingly, intracellular levels of Spd decrease with age in non-plant (Nishimura et al., 2006; Carmona-Gutiérrez et al., 2011) and plant models (Paschalidis and Roubelakis-Angelakis, 2005a, b; Paschalidis et al., 2009) . Spd promotes longevity in animals; addition of Spd to the food medium increases the life span of yeast, worms, flies, and human immune cells (Eisenberg et al., 2009) . Similarly, in plants, PAs delay senescence of different organs (see, for example, Lester, 2000) . In tomato, an increase of Spd and Spm levels by overexpression of a SAMDC orthologue gene from yeast, driven by a ripening-specific promoter, suppresses senescence, leading to an increased life span of the fruit (Mehta et al., 2002) .
In mice, Spd reduces age-related oxidative damage (Eisenberg et al., 2009) . Also, it induces intracellular selfdigestion (autophagy), resulting in life span extension, which could be abrogated by genetic inactivation of autophagyrelated genes. Autophagy disposes of unwanted and malfunctioning macromolecules during stress, ageing, or disease, thereby promoting longevity and inhibiting PCD and particularly necrosis (Chaabane et al., 2013) . The regulatory mechanism underlying this effect might be of epigenetic origin. In yeast, Spd inhibits the activity of histone acetyltransferases and leads to a global hypoacetylation of histone H3 at all acetylation sites spanning the N-terminus of the histone (Eisenberg et al., 2009) . Thus, the promoter of the ATG7 gene required for autophagy is hyperacetylated post-treatment with Spd. These results support that Spd activates a global transcriptional response which may involve epigenetic regulation. Likewise, high levels of Spd and Spm in tomato fruit led to transcriptional amendments, with ~250 genes out of 1066 studied exhibiting up-regulation and another half downregulation (Handa and Mattoo, 2010) . However, it remains unclear whether this regulation is of epigenetic origin, and possible connections between autophagy and PAs in plants have not been suggested.
Importantly, ATG5, a gene required for autophagy, is a key component of vacuolar cell death of Arabidopsis xylem (Kwon et al., 2010) . Careful examination of Spd-induced xylem cell death reveals a phenology in between vacuolar and necrotic cell death (see also Tisi et al., 2011; van Doorn et al., 2011) , suggesting a link between Spd and execution of vacuolar cell death in plants. Although further work is still needed to provide indications for a correlation between vacuolar cell death and autophagy, it is tempting to examine whether Spd lies upstream of autophagy induction.
Although a direct contribution of PAs to the molecular regulation of PCD has not been shown in plants, genetic studies elegantly highlight their importance and particularly that of t-Spm in PCD regulation at the transcriptional level during xylem formation (Imai et al., 2006; Muñiz et al., 2008) . The Arabidopsis acl5 mutant is mapped onto the t-SPMS gene (Hanzawa et al., 2000; Kakehi et al., 2008) and is allelic to the thickvein mutant, which exhibits incorrect xylem development and a dwarf phenotype (tkv; Clay and Nelson, 2005) . Thus, acl5 plants lack xylem fibres and vessel elements with secondary cell wall thickening (Muñiz et al., 2008) . This phenotype, together with analysis of cytological and xylem cell death molecular markers, shows that PCD in the xylem of the acl5 mutant is precocious, not allowing the deposition of cell wall material (Imai et al., 2006; Muñiz et al., 2008) .
Indirect roles of polyamines in cell death

The model of biotic-induced programmed cell death
In animals, oxidation of Spd and Spm by both serum AOs and the intracellular PAOs contributes to PCD, but the mechanism by which PCD is executed is still under investigation (Chaturvedi et al., 2004; Amendola et al., 2005; MendivilPerez et al., 2012) . In tobacco plants, there is evidence that apoplastic PAO-the serum counterpart of AOs-is a component of the execution machinery of PCD (Yoda et al., 2003; Papadakis and Roubelakis-Angelakis, 2005; Moschou et al., 2009) , but it is still unclear to what extent PAOs can prime PCD. Moreover, although recent evidence clearly demonstrates the existence of intracellular PA oxidation in plants (Moschou et al., 2008c; Planas-Portell et al., 2013) , it is as yet unknown whether these enzymes regulate PCD.
In mammals, there is a direct relationship between PCD and the levels of cytotoxic PA catabolic products, i.e. H 2 O 2 and aminoaldehydes. In the Helicobacter pylori pathogenic model, a contributor to gastric cancer, there is evidence that PA-derived H 2 O 2 is correlated with PCD (Chaturvedi et al., 2004) . The H. pylori infection is followed by increased expression of SMO (see also Fig. 1 ) accompanied by DNA damage and PCD (Chaturvedi et al., 2011) . DNA damage and H 2 O 2 production is attenuated upon treatment with an SMOspecific inhibitor or by knockdown of SMO (Xu et al., 2004) . Likewise, a model used to study the correlation of pathogen-related PCD and PAs in plants is the HR-PCD. ROS are generated early following pathogen attack and contribute to HR-PCD of the infected cells (Lamb and Dixon, 1997), thereby restricting pathogens to the entry site. The PA oxidation pathway is considered one of the sources of ROS during the HR (Yoda et al., 2003) . In tobacco cells, knockdown of apoplastic PAO or pharmacological inhibition of PA biosynthesis inhibits the HR-PCD to some extent (Yoda et al., 2003 (Yoda et al., , 2006 Asim et al., 2010) . Thus, the induced SMO results in PCD of gut macrophages infected by H. pylori (Chaturvedi et al., 2004) . This could represent a mechanism by which H. pylori infection bypasses the immune system, by killing the immune cells responsible for eradicating infection. Similarly, in tobacco plants infected with Tobacco mosaic virus (TMV), the activity of ODC increases during HR, resulting in elevated PA levels, mainly in necrotic regions (Negrel et al., 1984) . In pepper plants, the ADC gene controls HR-PCD induced by a Xanthomonas campestris effector (Kim et al., 2013) , by increasing PA levels to supplement AOs with substrate. In addition, several lines of evidence highlight Spm (unlike abiotic; see the following section) as the most important PA in plant defence against pathogens (Yamakawa et al., 1998; Mitsuya et al., 2009 , and references therein), suggesting that Spm has an evolutionarily conserved role in controlling PCD. Therefore, it would be interesting to examine whether an enzyme similar to SMO, for example the intracellular AtPAO1, controls HR-PCD in Arabidopsis.
It is worth noting that, although PA oxidation has an evolutionarily conserved role in pathogen-induced PCD, the outcome can be in favour of or against the host (see, for example, Marina et al., 2008) . In animals, as in the case of H. pylori, the SMO pathway acts against the immunity system, while in plants PA oxidation restricts pathogen invasion, eradicating infection. However, PA oxidation by SMO could perhaps contribute to the eradication of tumour cells (Babbar et al., 2007) .
The abiotic stress model
One of the non-plant models to study the role of PAs during stress is the mammalian central nervous system (CNS). Nervous tissue requires surplus PA content during its development (reviewed in Bernstein and Müller, 1999; Fiori and Turecki, 2008) . Cerebral ischaemia, a condition which is characterized by reduced blood flow to the cerebrum and therefore increased hypoxia, induces brain PAO activity, and the cytotoxic 3-aminopropanal accumulates in the brain, leading to PCD (Li et al., 2007) . In addition, conditional overexpression of SMO in the neocortex brain tissue of mice results in increased H 2 O 2 accumulation and sensitivity to brain injury (Cervelli et al., 2013) . Similarly, high apoplastic PAO activity induces PCD following abiotic stress in tobacco (Moschou et al., 2008a, b) . We proposed that upon abiotic stress, Spd is secreted into the apoplast, where it is oxidized by an apoplastic PAO, producing PA catabolic products. The rate of Spd oxidation by PAO dictates two opposing scenarios. (i) PAO is at moderate levels in the apoplast, and oxidizes Spd at a slow rate producing moderate H 2 O 2 (and 1,3-diaminopropane) levels, which induces a ROS-dependent protective pathway, activating tolerance responses. (ii) PAO is at high levels, and oxidizes Spd considerably faster, producing high H 2 O 2 levels. As a result, pro-survival genes are down-regulated and a specific PCD pathway is executed (Moschou et al., 2008b) .
The previous model takes into consideration the intercellular PAs. To analyse the role of intracellular PAs in abiotic-induced PCD in tobacco, we down-regulated SAMDC [SAMDC-RNAi (RNA interference)], thereby reducing the intracellular levels of mainly Spd and Spm. Surprisingly, these plants show apoplastic PA levels and oxidation similar to the wild type (Moschou et al., 2008b) . In these plants, as in PAO-overexpressing plants, PCD is highly induced under stress conditions. Therefore, it is reasonable to assume that PA oxidation in the apoplast alone cannot induce PCD, but a combination of a low rate of PA synthesis and an increased rate of PA catabolism regulates PCD. This model, although genetically supported, is rather correlative, and several questions arise. For example, it remains unclear how PCD is executed, whether intracellular PA oxidation contributes to this pathway, and whether this model extends beyond plant biology.
In animals, increased PA oxidation leads to chronic oxidative stress (Cerrada-Gimenez et al., 2011) . N 1 -Spd/Spm acetyl-transferase (SSAT; Fig. 2 ) overexpression in mice leads to increased H 2 O 2 and carbonyl content, and reduced superoxide dismutase (SOD), catalase (CAT), and cytochrome CYP450 2E1 expression, responsible for xenobiotic metabolism. This suggests that transgenic mice are hypersensitive to stress, leading to cell death, and they also are sluggish and less hostile (Kaasinen et al., 2004) . In plants, it is still unclear what the effect is of constitutive intracellular PA catabolism on oxidative metabolism. Tobacco plants overexpressing apoplastic PAO exhibit increased SOD and CAT expression, which do not exert a protective effect, but rather this increased expression represents an attempt to scavenge surplus H 2 O 2 produced by continuous PA oxidation, which suggest that as in animals, constitutive PA oxidation leads to chronic oxidative stress (Moschou et al., 2008a) .
The model of development
PAs are important for embryogenesis in plants and animals (Imai et al., 2004b; Wu et al., 2013) , as depletion of PAs leads to embryonic arrest. During embryogenesis, PA oxidation by AOs and the concomitant production of H 2 O 2 leading to PCD may be an important tissue remodelling event during development (reviewed by Parchment, 1993) . It has been hypothesized that in the blastocysts of mammals, H 2 O 2 causes apoptosis of inner mass cells destined to develop into trophectoderm, which is the first apoptotic event during development (Parchment, 1993) . However, more studies are required to support these conclusions. Deviation of AO expression could be a part of pathological processes during development (Casero and Pegg, 2009) .
In accordance with this, PCD is an important feature of plant embryogenesis (Vuosku et al., 2009) . In plants, although it is known that Put and Spd are necessary for embryogenesis, it is still unclear whether at this stage PAs contribute to PCD.
It could be speculated that PAs are oxidized to produce H 2 O 2 which may facilitate the shaping of the developing embryo. It would be tempting to dissect the spatial and temporal expression of PA biosynthetic and catabolic enzymes, and their products in plant zygotic/somatic embryos, complemented by genetic studies and ectopic expression or silencing of genes involved in PA metabolism in the embryo.
In adult organisms, the role of PA catabolism in developmental PCD has been extensively studied. Mice overexpressing SSAT, under a heavy metal-inducible promoter, accumulate increased levels of Put and are depleted of Spd and Spm (Suppola et al., 2001 ) and show early death (CerradaGimenez et al., 2011) . Similarly, in tobacco, overexpression of apoplastic PAO is accompanied by premature PCD of xylem tissue (Tisi et al., 2011) . Interestingly, exogenous supply of Spd to maize root tips highly expressing AOs alters cell cycle distribution, towards cell cycle arrest and induction of PCD (Tisi et al., 2011) . This is consistent with the proposed model for apoplastic PA oxidation-dependent PCD execution in tobacco (Moschou et al., 2008b) . In addition, premature PCD of xylem hinders the proper differentiation of the secondary cell wall, which is normally deposited before PCD induction in xylem. Importantly, a H 2 O 2 scavenger partially reverts Spd-induced effects. In addition, 4-aminobutanal which is an additional oxidation product of Spd (Fig. 1) , failed to mimic Spd effects, indicating that PAO-derived H 2 O 2 is sufficient to induce PCD independently of aminoaldehydes.
Although there is clear evidence for the contribution of apoplastic PAO to developmental PCD in plants, it is difficult to conclude whether in SSAT-overexpressing mice early death is a symptom of the accelerated chronological ageing or precocious PCD, or just reflects a general weakness due to a global disturbance of the cell metabolism (Minois et al., 2012) . Again, the role of intracellular PA catabolism in developmental PCD in plants remains elusive.
Downstream executors of polyaminedependent cell death
The downstream executors of PA-dependent cell death in animals and plants are largely unknown. They can be identified by using 'omics' approaches, genetic tools (Montañez et al., 2007) , and morphological markers of PCD. Using a systemic approach, it was shown that PA metabolism in mammals is interdependent on methionine metabolism, required for a global change in gene methylation (Correa-Fiz et al., 2012) . Genes involved in the mitosis/PCD balance are among the targets of methylation. In plants, similar studies have not been undertaken. However, the role of AOs in several transcriptional amendments has been highlighted; the generated H 2 O 2 seems sufficient to induce transcriptional adjustments, and perhaps the best example is that of Spm oxidation (Yamakawa et al., 1998) . Spm induces mitogen-activated protein kinases (MAPKs) involved in mitosis and disease resistance during HR-PCD, which is prevented by H 2 O 2 scavengers and Ca 2+ channel blockers. In addition, Spm causes mitochondrial dysfunction via a signalling pathway in which ROS and Ca 2+ influx are involved (Takahashi et al., 2003 (Takahashi et al., , 2004 . In tobacco plants overexpressing apoplastic PAO, transcription of some MAPKs is induced, confirming the involvement of PA oxidation products in the MAPK signalling pathway (Moschou et al., 2009) . In contrast, in Drosophila, increased Spm results in down-regulation of the MAPK signalling pathway, by direct regulation of the CK2 kinase (Stark et al., 2011) . Whether PA oxidation is also involved in the MAPK signalling pathway in animals remains unclear.
Furthermore, the unique plant-specific role of t-Spm highlights the importance of PA-induced transcriptional amendments in PCD regulation. Downstream targets of t-Spm in Arabidopsis include four genetic suppressors of ACL5 (Imai et al., 2006) . One of them, the SAC51-d (for SUPRESSOR OF ACAULIS5 51-d), suppresses in a dominant manner all defects described to date associated with acl5 loss of function, such as shorter stem and vascular development. SAC51 encodes a transcription factor (Imai et al., 2006) whose unique characteristic is the presence of an unusually long 5′-untranslated region (UTR). This is spanned by five overlapping upstream open reading frames (uORFs), and the dominant mutation of the sac51-D allele truncates the reading frame of the fourth uORF. Small uORFs are usually implicated in translational control of the corresponding main ORF (Lovett and Rogers, 1996) , and this is also the case in SAC51. Expression of the β-glucuronidase (GUS) mRNA under the control of the SAC51 promoter is the same in the wild-type or the SAC51 5′-UTRs, whereas the GUS activity is much higher when the GUS ORF is preceded by the SAC51-D 5′-UTR, indicating that the wildtype uORF controls translation of SAC51 (Imai et al., 2006) . Thus t-Spm may directly control the transcription of SAC51 through physical interaction with components of the transcriptional machinery. This strongly suggests that the suppression mechanism involves the production of the SAC51 protein which rescues the acl5 mutants and inhibits precocious PCD.
In mammals, beyond transcription, the PA-dependent PCD perhaps involves mitochondrial dysfunction. PA oxidation results in mitochondrial dysfunction-dependent apoptotic cell death (see, for example, Mendivil-Perez et al., 2012b) . PAs are involved in the formation of mitochondrial permeability transition pores (MPTs) and cytochrome c release, preludes of mammalian PCD (Brenner and Grimm, 2006) . In particular, catabolic products of AOs, such as ROS, are strong inducers of MPTs (Chaturvedi et al., 2004) . Mitochondrial depolarization, cytochrome c release, and morphological changes are fast responses to various cell death-inducing conditions in plants (Logan, 2008; Andronis and Roubelakis-Angelakis, 2010) . MPT contributes to PCD in plants as well (discussed in Kusano et al., 2009) . However, it remains unclear whether this pathway is facilitated by PAs.
As mentioned above, one of the regulators of PCD is the ratio of PA biosynthesis to PA oxidation. However, the downstream executors of PA-dependent PCD remain elusive. It is plausible that this ratio affects activation of metacaspases, the plant caspase counterparts, which control PCD (Tsiatsiani et al., 2011) . Results from our lab suggest that overexpression of apoplastic PAO in tobacco results in higher total bulk protease activity under abiotic stress conditions (Moschou et al., 2008a) . However, whether these proteases include metacaspase members remains to be shown.
Concluding remarks
Taking into consideration animal literature on the correlation of PAs with epigenetic changes, it is tempting to propose that PAs may inhibit epigenetic commitment to plant PCD as well, along with other more specific downstream targets. To prove this experimentally is a hard task since epigenetic regulation of PCD remains a black box, and pathways which lead to PCD and senescence are poorly understood. Surprisingly, even in cells with increased/decreased PA levels undergoing PCD, there have been no serious attempts to assess morphological and biochemical features of cell death carefully. Furthermore, a role for PAs in post-mortem clearance of cell debris remains unknown in both plants and animals.
Several studies show that PAs induce accumulation of anti-PCD agents, but it remains unclear whether PAs induce autophagy or other cell death-regulating processes in plants, which could be one of the contributing pathways included in the relay that halts senescence and ageing. In addition, although Spd in animals is known to control autophagy, the pathway needs further clarification. A possible contribution of AOs to this pathway should be taken into consideration.
A plant-specific PCD pathway is the one controlled by t-Spm. This represents an excellent model for studying the link between PAs and PCD, and the findings can be extended beyond plant biology. The fact that in Arabidopsis particular PAOs oxidize t-Spm, and some of them are expressed in the vasculature (Fincato et al., 2011 (Fincato et al., , 2012 , indicates the existence of a putative t-Spm regulatory circuit, involving biosynthesis of t-Spm by ACL5 and catabolism by intracellular PAOs, thereby adjusting t-Spm levels.
A model summarizing the PA-dependent PCD induction in plants and animals is shown in Fig. 3 . As a final concluding remark, determination of PA levels in tissues as indexes of responsiveness to external or internal stimuli should be complemented by attempts to identify the intracellular topology of particular PAs in a spatial and temporal manner.
